A novel thermal deposition method was developed to coat Ca(OH) 2 on the surface of nanoscale zerovalent iron (nZVI). The nZVI particles with the Ca(OH) 2 coating layer, nZVI/Ca(OH) 2 , had a clear core-shell structure based on the transmission electron microscopy observations, and the Ca(OH) 2 shell was identified as an amorphous phase. The Ca(OH) 2 coating shell would not only function as an effective protection layer for nZVI but also improve the mobility of nZVI in porous media for its use in environmental decontamination. A 10% Ca/Fe mass ratio was found to result in a proper thickness of the Ca(OH) 2 shell on the nZVI surface. Based on the filtration tests in sand columns, the Ca(OH) 2 -based surface coating could greatly improve the mobility and transport of nZVI particles in porous media. In addition, batch experiments were conducted to evaluate the reactivity of Ca(OH) 2 -coated nZVI particles for the reduction of Cr(VI) and its removal from water.
INTRODUCTION
Zero-valent iron (ZVI) has demonstrated its great reactivity and potential for in situ groundwater and soil remediation (Li et al. ; Yan et al. ) . Its high capability of dechlorination and effective immobilization of heavy metals have been well documented (Kanel et al. ; Lv et al. ) . For field applications, ZVI can be used from micrometres to nanometres in size with different levels of reactivity and efficiency for decontamination. The high reducing activity of nanoscale ZVI (nZVI) for environmental decontamination has been recognized in recent years. nZVI may be injected with water to the pollution sites for in situ remediation, which can be much more flexible and cost-effective compared to installation of conventional ZVI materials (e.g. reactive ZVI barriers). However, nZVI reacts readily with non-targeted substances such as dissolved oxygen and water during application. Such side reaction results in rapid formation of passive ferric iron (Fe(III)) oxides, leading to a complete loss of nZVI's reducing capacity (Sarathy et al. ) . Thus, it is essential to maintain the reactivity of nZVI before its designated environmental applications. Moreover, research shows that particle-particle interaction (aggregation) and particle-grain interaction (deposition) limit the transport and delivery of nZVI particles in porous media (Phenrat et al. ) . The ferric oxide shell on the nZVI surface also has a strong affinity to sand grains (Saleh et al. ) . The aggregation and deposition of nZVI would greatly reduce its mobility in the saturated subsurface environment.
Effort has been made to improve the stability and mobility of nZVI for its effective environmental application. Different types of chemical stabilizers and surfactants, such as polyacrylic acid, carboxymethylcellulose, starch and humic matter, were used to ensure the dispersion of nZVI in suspension (He & Zhao ; Kanel & Choi ; Sun et al. ) . By entrapment of nZVI particles into the silica matrix, iron/silica composites were synthesized to prevent the particle aggregation while maintaining the iron reactivity (Zhan et al. ) . Oil in water emulsion was substantiated to be effective for good delivery of iron nanoparticles in porous media (Quinn et al. ) . These methods may either enhance the dispersion or increase the corrosion resistance of nZVI particles in the environment; however, none of the methods is able to achieve these two purposes simultaneously. Moreover, the surface modification reagents are either too expensive for large-scale engineering applications or potential pollutants to the subsurface environment.
The purpose of the study was to coat a protective shell on nZVI to improve its stability and mobility. The coreshell structure synthesis refers to the technology that coats appropriate shell materials onto the surface of the target particles. If the shell materials can be well formed on the nZVI surface, the shell would protect nZVI particles from both corrosion and aggregation. For surface coating on particles, moderately soluble inorganic salts may be considered as the shell materials. In fact, there are already reports of metal salt particles, such as CaCO 3 and Ca(OH) 2 , formed at the nanoscale ( . Such materials can form a dense structure to protect ZVI particles, and they are also more economic and environmentally safe than surfactants and other polymeric substances. In this study, a new method has been developed to coat a Ca(OH) 2 layer on the nZVI surface to protect it from oxidation while greatly improving its mobility and transport in porous media. For potential environmental applications, the reactivity of Ca(OH) 2 -coated nZVI particles for the reduction and immobilization of Cr(VI) was also evaluated.
MATERIALS AND METHODS

Materials -nZVI particles
Nano-sized ZVI was a commercial product purchased from Nabond Technologies Co., China (http://www.nabond. com). According to microscopic observations, the size of single nZVI particles was around 40 nm. However, owing to magnetic clustering, the particles had a mean size of around 500 nm, as determined by a laser diffraction particle size analyzer (LS13 320 Beckman Coulter). The nZVI had a density of about 7.5 g/cm 3 ; the coating layer of Ca(OH) 2 had a density of 2.21 g/cm 3 .
Coating of Ca(OH) 2 on nZVI particles
The thermal deposition method was employed to form a Ca-(OH) 2 coating shell onto nZVI particles. While nZVI particles were suspended in a NaOH solution (0.25 M) in methanol, a methanol solution of CaCl 2 (0.125 M) was quickly injected into the solution. Polyacrylic acid was added as a dispersing agent for nZVI, and the particle suspension was placed in a sonication bath at 60 W C during the coating process. Owing to the low solubility of Ca(OH) 2 at an elevated temperature, Ca(OH) 2 would precipitate on the surface of nZVI particles. After a predetermined coating period or time, nZVI particles were washed thoroughly with ethanol to remove residual ions in solution, and nZVI was magnetically separated from Ca(OH) 2 particles. The nZVI with Ca(OH) 2 coating (nZVI/Ca) was then ground by ball milling in ethanol, and the particles were dried and stored with N 2 protection before experimental use.
Characterization of the Ca(OH) 2 shell
The Ca content coated on nZVI was determined by inductively coupled plasma (ICP) spectrometry (PerkinElmer, OptimaTM8000) after acid digestion of the nZVI/Ca powder. The size distribution of nZVI particles was measured by the particle size analyzer (Beckman Coulter).
The crystal forms of the coating materials on nZVI were analyzed by an X-ray diffraction (XRD) (Bruker AXS D8) system. For XRD detection, the particle powder had been pressed into a test pellet about 0.5 mm in thickness. The nZVI/Ca particles were characterized for the morphology and core-shell structure by transmission electron microscopy (TEM) (Philips Tecnai G2 20 S-TWIN), together with the technique of energy-dispersive X-ray spectroscopy (EDS) for the elemental distribution profile of the samples.
Filtration experiments
Filtration tests were conducted to evaluate the mobility and transport of the commercial nZVI particles in porous media. A 10 cm filter column, 1.1 cm in internal diameter (total volume ¼ 9.50 mL), was packed with either clean silica sand (d 50 ¼ 732 μm) or spherical glass beads (GB) (d 50 ¼ 901 μm) as the model porous material. The pore volume was 3.77 mL in the sand column and 3.64 mL in the glass column. The nZVI particle concentration in the feed solution was 1 g/L with a CaCl 2 -Ca(OH) 2 buffer at pH ∼7.5.
The nZVI suspensions were pumped through the filters at an empty-bed filtration velocity of 1.83 m/hr. The nZVI concentrations in the feed (C 0 ) and filtrate (C) were determined from the measurement of the iron contents in the water samples by atomic absorption (AA) spectroscopy (Perkin-Elmer, AAnalyst 300).The Ca content after its dissolution in water was also measured by AA.
Batch tests on Cr(VI) reduction and immobilization by nZVI particles
Nano-size ZVI particles were synthesized for the tests on their reactivity for the reduction and immobilization of hexavalent chromium (Cr(VI)). nZVI was produced in the laboratory following the method of borohydride reduction of ferric chloride (FeCl 3 ·6H 2 O), which is a primary and effective method for the synthesis of iron nanoparticle (Wang et al. ) . The Cr(III) removal experiments were conducted on three types of nZVI particles for comparison, including bare nZVI, nZVI/Ca-2 h, and nZVI/Ca-2 h after the Ca(OH) 2 shell was washed off by water. For a test, nZVI particles were placed in a 40 mL glass vial filled with the Cr(VI) solution. The vial was completely sealed by a screw cap and placed on a rotary shaker (MMV14, Heto-Holten) at 25 W C and 150 rpm. The initial Cr concentration was 20 mg/L and the nZVI content was 2.5 g/L.
During the Cr(VI) reduction test, 1 mL of the suspension was withdrawn at different time intervals from the test vial using a syringe under N 2 protection. The sample was then filtered by a 0.45 μm nylon membrane (Millipore), and the Cr concentration in the filtrate was measured by ICP spectrometry (PerkinElmer, OptimaTM8000) with a detection limit for total Cr as low as 5 μg/L. From the change of the Cr concentration in water, the rate of Cr(VI) reduction and immobilization by the nZVI particles was determined.
RESULTS AND DISCUSSION
With the thermal deposition, Ca(OH) 2 was coated on the nZVI surface. The coating duration was tested from 1 to 2 h, and the amount of Ca coated was about 7% of the nZVI weight after 1 h coating, which increased to 10% after 2 h coating (Figure 1 ). The number weighted average hydrodynamic radius increased from 861.6 nm for the bare nZVI (B-nZVI) to 1123.6 nm for the coated nZVI after 1 h coating (nZVI/Ca-1 h) and further to 1459.4 nm for the nZVI after 2 h coating (nZVI/Ca-2 h) ( Figure 2 ). The particle size increase was consistent with the coating Ca(OH) 2 content, suggesting a shell-layer formation on the nZVI particles. For the nZVI after 2 h of coating, the Ca/Fe ratio was around 0.1. The TEM images show that a single nZVI particle had a diameter of about 50 nm. Thus, it can be estimated that there was an average thickness of about 5 nm for the Ca(OH) 2 shell on the nZVI surface based on the Ca/Fe ratio. The shell formation on nZVI particles can be observed from the TEM images (Figure 3) . Based on the EDS elemental mapping result (Figure 4) , a Ca-based shell can be further identified around the Fe core. The Ca shell layer is around 5-10 nm in thickness according to the TEM mapping image, which is consistent with the estimation of thickness from the Ca content.
The chemical forms of Ca(OH) 2 coated on nZVI were further characterized by XRD ( Figure 5 ). No obvious XRD peaks of Ca(OH) 2 crystals were found for the Ca(OH) 2 coating layer, whilst pure Ca(OH) 2 particles formed without the presence of nZVI appeared to be crystals. The comparison between the XRD profiles suggest that Ca(OH) 2 deposited on the nZVI surface was in the amorphous phase that can be readily dissolved in water.
Transport of nZVI/Ca(OH) 2 particles in filter columns
Filtration of nZVI particles with water through the sand and glass columns demonstrate the mobility and transport behavior of the particles in porous media. The penetration of nZVI particles during filtration in the filter columns can be well observed in Figure 6 . For the B-nZVI without Ca(OH) 2 coating, the particles deposited mostly on the top of the filters in both the sand and glass columns. There was no passage of iron particles in the effluent after 60 min of filtration. In comparison, for the Ca(OH) 2 -coated nZVI, particles penetrated through filter media rather rapidly, and the dark iron particles could fill up the entire filter columns in a few minutes. Breakthrough of nZVI/Ca particles appeared in the effluent after only three or four pore volumes of water filtration.
The breakage curves of B-nZVI and nZVI/Ca particles are presented in Figure 6 . B-nZVI had a low mobility and could not penetrate through the filter media. All of the B-nZVI particles were trapped in the filter columns, keeping the C/C 0 ratio at the zero level. With the surface Ca(OH) 2 coating, around 60% or more of nZVI particles could pass through the sand filters. In the GB filters, the C/C 0 ratio could achieve 50% for nZVI/Ca-1 h and 60% for nZVI/ Ca-2 h. The results show that coating of Ca(OH) 2 on the nZVI surface can significantly improve the mobility and transport of nZVI particles in porous media.
The breakthrough data in Figure 7 can be further used to analyze the attachment efficiency and transport behavior of different nZVI particles in the filter media, based on the following filtration equation (Yao et al. ) : where C and C 0 are the particle concentrations in the influent and effluent, respectively, and the C/C 0 ratio can be obtained from the breakthrough curve, d c is the diameter of single spherical collector, α is the particle attachment efficiency, f is the porosity of the filter column, L is the filter length, η 0 is the predicted clean bed single-collector efficiency. The η 0 value for given particles through a porous medium filter can be determined using the filtration model of Tufenkji & Elimelech () . Based on the η 0 values and C/C 0 results, the attachment efficiency and the transport distances of different nZVI particles in porous media can be determined (Table 1) . With the Ca(OH) 2 coating, the attachment potential of nZVI particles greatly decreased, implying a much improved mobility. Accordingly, the transport distance of the particles with 1% penetration content (L 1% ) or 0.1% penetration content (L 0.1% ) increased significantly in both filter media. Compared to B-nZVI, the L 0.1% distance for nZVI-Ca particles increased by more than 10 times from 0.10 to 1.11 m in the sand column and from 0.12 to 1.36 m in the GB column.
Cr(VI) reduction and immobilization by various types of nZVI particles
The batch experimental results show that nZVI particles were highly reactive for the reduction and removal of hexavalent chromium in water (Figure 8 ). With the reduction by nZVI, Cr(IV) could be converted to Cr(III) that readily precipitated as a solid hydroxide on nZVI particles (Li et al. ; Shi et al. ) . The high reduction capability of B-nZVI particles was well demonstrated, which achieved a 90% Cr(VI) removal in less than 30 min. With the Ca(OH) 2 -coating layer, the reactivity of nZVI for Cr(VI) reduction was somewhat reduced. This could be also contributing to the pH increase (to pH ∼10.5) from the dissolution of Ca(OH) 2 , which was supposed to be unfavorable to Cr(VI) reduction (Lv et al. ) . Nonetheless, the nZVI/Ca particles were still effective to reduce Cr(VI) and remove Cr from water, with over 85% Cr being removed in 3 h. More importantly, when the Ca(OH) 2 coating layer was washed off (nZVI/Ca-W) before the batch test, the reactivity of nZVI could be fully recovered for Cr(VI) reduction, for which more than 90% Cr could be removed from water in about 20 min (Figure 8(a) ). The Cr removals by different nZVI types can be well fitted by the pseudo-first order reaction kinetics (R 2 > 0.9). The rate constants for Cr(VI) reduction by B-nZVI, nZVI/Ca and nZVI/Ca-W particles are 0.064, 0.013 and 0.072 min À1 , respectively (Figure 8(b) ). The batch test results imply that, while the Ca(OH) 2 shell improves the stability and mobility of nZVI particles for potential environmental applications, the coating layer has no apparent effect on the reactivity of nZVI for in situ remediation.
CONCLUSIONS
A novel thermal deposition method was developed to coat a Ca(OH) 2 shell on the surface of nZVI particles. The Ca-(OH) 2 coating layer can effectively protect nZVI and greatly improve its transport and delivery in porous media. The batch test results show that, once the Ca(OH) 2 shell is 
